A new instrument has been developed which combines a rf ring electrode trap and a time-of-flight mass spectrometer ͑TOF-MS͒. The wide field free storage volume of such a trap enables the study of low temperature ion-molecule collisions; however it is not straightforward to match the nonlocalized ion cloud to the TOF-MS. For obtaining sufficient mass resolution, a special pulse sequence has been developed to transfer the ions from the whole trap volume to a small region in the vicinity of the exit electrode. Additional compression is achieved via buffer gas relaxation prior to extracting the ions. Using a linear flight path of 57 cm, a mass resolution of about 50 is routinely achieved. The mass range of the whole instrument, which is determined by the operating conditions both of the trap and the TOF-MS, has been estimated to be 3-700 u. The actual characteristics of the instrument such as mass range, resolution, and dynamical range have been determined and the results have been analyzed. As a typical application of the new instrument, the growth of (CO) n ϩ cluster ions is investigated at 80 K. The simultaneous detection of all masses of interest as a function of storage time allows one to follow in detail the kinetics of the reaction and loss processes involved. Limitations of the method are discussed together with ways to overcome them in an improved setup.
I. INTRODUCTION
The basic principle of time-of-flight ͑TOF͒ mass spectrometry resides in the fact that ions with different mass to charge ratio have well separated flight times if they start with suitable initial conditions in an adequate field geometry. Using today's fast and sensitive ion detectors high mass range, good resolution and large dynamical range are typical benefits of this mass analyzing technique.
1-3 TOF analysis is especially easy to adapt in photoionization experiments where ions can be formed by very short and strongly focused light pulses. In general, however, the ions start at different times in different places and often with different initial velocities, affecting the overall mass resolution. In the last decades, various methods have been invented to reduce the influence of spread in initial conditions. In principle one has to find the best transformation of the initial phase space volume to the acceptance of the detector; some related theoretical considerations can be found in Refs. 4 and 5. In practice, improvements are based on proper spatial and/or temporal arrangement of electrical fields. For example, spatial focusing conditions for linear TOF arrangements are given in Refs. 1 and 6. For reducing the influence of an energy distribution, electrostatic mirrors have been employed; 7 also multiple reflections have been tested. 8 Time dependent fields, sometimes called time-lag 1 and postacceleration, 9 can be used for a further improvement of the mass resolution.
One of the most important benefits of a time-of-flight mass spectrometer ͑TOF-MS͒ is the fact that a whole mass spectrum is obtained already with a single bunch of ions. In comparison to mass analysis by scanning devices, much measuring time can be saved, especially if a wide mass range is of interest. In addition, this feature makes the data analysis tolerant against intensity fluctuations. Each spectrum of a single bunch of ions can be normalized to the total number of detected ions reducing the statistical errors of the measurement. From a practical point of view, the mechanical design of a TOF-MS is rather simple; usually only a few electrodes are necessary for creating the appropriate electric fields. Also the electronics for data collection and acquisition are standard and today comparably inexpensive. This makes TOF-MS a popular method in many applications. The integration of this technique into a trapping experiment is the subject of the present study.
Trapping of ions is a powerful technique for studying ion-molecule interactions because storage time and target density can be varied over a large range, therefore enabling the study of fast as well as slow processes. Widely used are Penning or Paul traps for studying ion-molecule reactions at hyperthermal energies as well as fragmentation of ions induced by collisions or by laser light, see, e.g., Ref. 10 . Less common are those rf traps which are characterized by a wide field free region. They are especially well suited for studying ion-molecule collisions at low temperatures. Details of the rf trapping technique and practical design considerations are discussed thoroughly in Ref. 11 . Two special devices, the ring electrode trap ͑RET͒ and the 22-pole trap ͑22PT͒, have been used in our group for investigating a large variety of ion-molecule reactions at low collision energies. The high sensitivity of the method has been demonstrated particularly by detecting the very unlikely process of radiative association. 12 Other studies include the growth of weakly 13 via ternary association and their deuteration 14 at 10 K, as well as laser induced reactions. 15, 16 In all these applications, a conventional quadrupole mass spectrometer ͑QMS͒ has been used to analyze, mass by mass, the ion cloud. In the cluster experiments more than ten product channels had to be analyzed sequentially. In order to reduce the measuring time, simultaneous detection of a range of masses is required. From the various possible solutions, e.g., sequential mass selective ejection from the trap or the use of a magnetic sector field with a position sensitive detector, mass separation by TOF has been used in this work.
Several solutions for combining trapping and TOF-MS techniques have been reported in the literature. For example, coupling of rf quadrupole traps to TOF-MS was described in Refs. [17] [18] [19] . Typically the mass resolution is on the order of several hundred with linear TOF, using a reflectron design, several thousand was achieved. 17 In the special case of a quadrupole trap, often named Paul trap, the harmonic effective potential confines the ion cloud in all three dimensions. This leads to a rather precise localization of the ions, especially with buffer gas cooling and, therefore, good starting conditions are created for TOF analysis. A problem, however, caused by the surrounding rf field is that the extraction has to take place at the proper rf phase or, alternatively, that the rf voltage has to be switched off, either suddenly or adiabatically. Also linear ion guides and traps have been connected to TOF devices, using a perpendicular TOF arrangement following extraction. 2, 3, 20 The linear field geometry of the RET and the 22PT makes it easy to inject and extract ions via suitable gate electrodes. In addition, phase space compression via collisions with cold buffer gas leads to initial conditions superior to all other trapping devices. However, in these traps, the ions are distributed over a rather large spatial volume which requires either suitable compression steps prior to TOF analysis or other solutions. In order to perform tests in this direction, an existing trap apparatus has been modified. In the following, the experimental setup is described in detail, followed by a discussion of mass calibration, resolution, and dynamical range. Details of the compression phase in the RET are given. For illustration of the features of the device, the growth of (CO) n ϩ clusters is studied. In the last part, various ways to improve the present design and operational method are outlined.
II. EXPERIMENTAL SETUP
As mentioned above, the central element of the present apparatus is a rf ring electrode trap, constructed for studying ions in a low temperature environment. The typical mode of operation, which has been described in Ref. 21 , is briefly summarized in the following in order to explain the changes needed for adapting the TOF mass analysis.
Trapping experiments are usually performed in a pulsed mode. Primary ions are produced by electron bombardment in an external storage ion source 11 where they are stored and undergo many collisions in order to prepare ions in their electronic and vibrational ground state. For filling the trap, a train of ions extracted from the source is mass selected in a quadrupole filter. The proper time sequence of opening the source and closing the trap has to be used together with soft injection, i.e., the ions are typically decelerated into the trap to energies below 50 meV in order to prevent collision induced excitation or dissociation. Interaction with a buffer gas couples finally the ion temperature to that of the surrounding walls. Two phases of a rf voltage applied to the trap electrodes give rise to the storing potential which confines the ion cloud in radial direction. This potential is dominated by a field free area around the axis of the trap where ions travel in straight lines at thermal velocities and a steep wall close to the electrodes where the ions are simply reflected without a strong interference with the driving field. Therefore, in such a trap, ion molecule collisions can be studied in nearly thermal conditions ͑for details see Ref. 11͒ . In order to reach low temperatures, traps are connected to a liquid nitrogen reservoir or mounted onto a closed cycle refrigerator.
The ions can be stored for times varying from microseconds to minutes. In practice, the storage time is limited by residual gas components which deplete the number of primary ions due to parasitic reactions. Therefore the cleanness of the vacuum system is mandatory for reaching high sensitivity. During storage the ions can interact with the neutral reactant or buffer gas. In recent developments the trap can be intersected axially with a beam of condensable molecules, radicals, or atoms. In addition, laser beams can be utilized to excite the trapped ions. After a selectable storage time the potential of the exit electrode is lowered, usually to a potential at which the ions leave the trap rather slowly, often in several tens of microseconds. Under certain conditions, e.g., caused by potential distortions, emptying the trap can take much longer. In this case additional steering electrodes, surrounding the trap, can be used to accelerate the ejection process. The extracted ions are mass selected in a quadrupole mass filter and detected with a conventional ion counting detector where they are registered with almost unit efficiency. Typically, only a few hundred to some thousand parent ions are used in order to avoid space charge effects. Therefore, the measuring procedure injection/storage and reaction/analysis has to be repeated rather often, especially because in a QMS only one mass is being detected each time.
In this work a ring electrode trap, RET, has been used for storing the ions. A short description of this special device can be found in Refs. 11 and 22. For interfacing this trap to a TOF-MS, some features of the electrode arrangements have to be considered in more detail. The RET is drawn schematically in Fig. 1 . It consists of 20 axially symmetric ring electrodes ͑inner radius r 0 ϭ5 mm, thickness 1 mm, spacing 1 mm͒ alternately connected to two opposing metal bars. They are connected by a cryocooled ͑liquid N 2 ͒ tube forming a coil, having an inductance L. Together with the capacitance C of the ring electrodes and an externally connected capacitance, it forms an LC circuit at a resonance frequency of 6.7 MHz. The oscillation is induced by the indicated coupling coil connected to a rf generator. The dc potential of the trap is supplied to the center point of the coil and is kept near to the ground potential of the apparatus. The potential of the gate electrodes ͑SE, SA, 6 mm inner diameter͒, see later, is referenced to this dc potential.
From Fig. 1 it is apparent that this design is rather simple in comparison to multipole traps 21 where special materials ͑isolating electrically and conducting thermally͒ are used. Here only eight ceramic spacers ͑see Fig. 1͒ are used to hold all electrodes together. Note that the tubing of the coil serves as supply for the rf voltage as well as for the cooling liquid. In this way the trap can be operated at liquid nitrogen temperature but elevated temperatures ͑up to 500°C͒ are also allowed. These features make the RET especially suitable for studying interactions of stored ions with beams of condensing material, e.g., atomic beams of metal or carbon, a molecular beam of water, etc. The minor drawback of the RET is that potential distortions on the electrodes due to surface charging can have larger effects compared to multipole designs. In order to minimize such effects the stainless steel electrodes have been coated with a thin film of graphite. Important for the present applications are the two correction electrodes mounted onto the side of the trap as shown in Fig.  2 . These electrodes are made of ceramics covered with a carbon film having a resistance of about 700 k⍀. They are connected in parallel on each end, and a third contact is in the middle. Application of suitable voltages to these three contacts leads to a potential gradient along the trap axis. In this way the position of the ion cloud in the trap can be controlled.
In the present experiment no external ion source was used but primary ions were produced directly inside the RET via electron bombardment of a suitable precursor gas. For this purpose a miniature electron bombardment evaporation source 23 was modified to produce a pulsed electron beam which was injected into the trap on axis. Ions with kinetic energies below the trapping potential and fulfilling the adiabaticity criterion Ͻ0.3 are safely stored. 11 A typical measuring cycle consists of ion creation/storage and reaction/ extraction and TOF analysis. Because of the special extraction sequence which is needed for the TOF analysis and which will be described in the following, the shortest storage time was about 200 ms.
The details of the timing sequence which has been utilized to localize the ions at the end of the trap and to extract them all at once, are illustrated in Fig. 3 . The storage and reaction period ͑A͒ already ends almost 50 ms before the trap is actually opened (tϭt ext ). During period ͑B͒, a compression voltage ͑280 V͒ applied to the left end of the correction electrodes is switched on gently. The right end is kept at the dc potential of the RET in order to minimize the effects of the transverse field indicated in Fig. 2͑b͒ . The voltage applied to the correction electrodes is about 500 times larger than the resulting potential shift in the inside. The time constant of the rising edge of the compression voltage ͑ϳ4 ms͒ is defined by a corresponding RC circuit. The slight potential slope accelerates the ions towards the exit electrode. Due to collisions with neutral buffer gas (10 12 -10 13 cm Ϫ3 ), the gained kinetic energy is dissipated rather quickly by collisions. Nonetheless the potential of the FIG. 1. Schematic drawing of the ring electrode trap ͑RET͒. The effective potential confines the ions radially and the positive dc potential of the end electrodes ͑SE,SA͒ axially. Ions are injected by a pulse to the entrance electrode SE and, similarly, are extracted using the exit electrode SA. Typically, up to 10 6 ions can be stored for periods ranging from microseconds to minutes. Number densities of neutrals from the continuous gas inlet range from 10 11 to 10 13 cm Ϫ3 . Using the pulsed gas inlet peak densities above 10 15 cm Ϫ3 can be achieved during a few ms. exit electrode must be sufficiently high during the compression phase in order to avoid ion loss. Later the exit electrode is lowered from 2 to 0.7 V with respect to the dc voltage applied to the trap. These values have been chosen comparably high in order to maintain safe trapping conditions in view of space charge effects due to the compression of the ion cloud. During the following 30 ms, thermalizing collisions lead to localization of all ions close to the exit electrode. Finally, in phase ͑D͒, a pulse having an amplitude of Ϫ26 V, a slew rate of 600 V/s, and a duration of 100 s is applied to SA. The potential gradient at the nominal start position is 1.6 V/mm as calculated by SIMION 6 .0. 24 After leaving the trap, the ions enter the TOF device. The upper part of Fig. 4 shows the electrode arrangement of the whole system consisting of the RET ͑left͒, a set of acceleration and steering electrodes, the TOF tubing and detector. Its overall length, from the calculated starting point in the trap to the detector, is 57 cm. Since the trap is operated near ground, all the other electrodes have to float at higher voltages contrary to most TOF-MS designs. The axial potential shown in the middle panel of Fig. 4 has been calculated using SIMION 6 .0 ͑grid size 2440ϫ200 points͒. The typical voltages applied to the electrodes have been utilized as boundary conditions. As can be seen from this graph, the extracted ions are first accelerated to 35 eV followed by a nearly constant electric field created by eight equidistant electrodes ͑total length 8 cm͒. The following three electrodes ͑9-11͒ form an einzel lens and the electrode system ͑12-15͒ is used for steering the beam of ions in the x and y direction. Then the ions, with a kinetic energy of 150 eV, enter the field free region which is made of two tubings. The latter one extends close to the ion detector, consisting of two conventional microchannel plates ͑MCPs͒ in chevron arrangement. Here the ions are accelerated to typically 2.5 keV in order to achieve high detection efficiency.
Time focusing leads to instantaneous count rates which are too high to be handled, even with today's fast electronics. Therefore an analog detection scheme has been employed in the current setup. The signal from the electron collector is first amplified ten times using a fast preamplifier. One output is connected to a discriminator 25 for ion counting, when possible. The second output is connected to a digital storage oscilloscope 26 for analog recording of the signal. The data acquisition is triggered by the extraction pulse. Typically the analog signal is digitized into 10 ns bins and averaged over a number of extraction events. The high sampling rate of the oscilloscope, oversampling, allows us to smooth single sweeps for the online signal observation. The transient is transferred to a PC for data processing. Usually, 100 s of TOF signal are acquired which corresponds to a maximum m/q of about 450 u/e.
For testing and characterizing the performance of the setup, various experiments with CO and He buffer gas have been performed. As a typical result, Fig. 5 shows a TOF mass spectrum of an ion cloud, extracted after a storage time of several seconds. Besides (CO) n ϩ clusters some ions are present, produced directly from background gas or by chemical reactions. In order to derive absolute values for the number of ions from such data, first the base line must be subtracted. The offset, which is primarily due to a dc preamplifier signal, is determined from regions where no ions are present. In this example, the interval between 2 and 14 s has been evaluated because no ions lighter than C ϩ , 12 u, are stored at the trapping conditions used. The first 2 s must be excluded because they are influenced by the fast rise of the ion extraction pulse. Absolute numbers of ions are calculated by integrating the signal over suitable time inter- vals and by using a calibration factor which has been determined to be 0.07 nV s per single ion ͑for this detector and for CO ϩ ions͒. This value is consistent with a MCP amplification factor of 10 6 , the 50 ⍀ load, and a tenfold preamplification. Figure 5͑b͒ shows, for the most abundant ions, the result of this very robust evaluation procedure which is especially suitable for processing large sets of spectra. The integral over the full range, i.e., the total number of all detected ions, is extracted directly from the TOF distribution. This number is important additional information for checking charge conservation in the trap and the transmission of the instrument.
Despite keeping all voltages constant during signal sampling, including the extraction potential, a slight temporal change of the base line has been observed. Therefore, in some cases, an alternative local evaluation procedure is preferred, based on fitting suitable functions to the mass peaks. An example of a fit to three neighboring peaks is given in the inset of Fig. 5͑a͒ . It is evident that these TOF peaks can be well approximated by 3 Gaussians, having the same width. In general all evaluation methods lead to the same results within the error limits.
III. PERFORMANCE
Important characteristics of the present trap-mass spectrometer combination are calibration of the mass scale, mass range, mass resolution, and dynamical range. In addition, the performance of the present apparatus is affected by problems caused when high gas number densities are used, e.g., for ternary association reactions. The most crucial point of the newly developed device affecting the performance is the compression of the ions prior extraction.
In the ideal case, where all ions fly over the same distance with the same energy, the flight time is proportional to the square root of the mass. In practice the relationship between TOF and mass has to be measured because a rather complicated pulse sequence is used for starting the ions and because of a mass dependent spatial distribution of the ions. The result of such a calibration is presented in Fig. 6 . The positions of the mass peaks have been determined by fitting Gaussians as described above. In the log-log presentation, all peak positions fall onto a straight line with the expected slope 1/2. Obviously, there is no significant influence of the rf potential, since the ions start near the axis of the RET. Also, effects caused by the nonideal ion compression ͑see below͒ do not play a major role in the arrival time.
The mass resolution can be estimated, for example, from the CO ϩ and COH ϩ peaks shown in the inset of Fig. 5͑a͒ . Inspection of all peaks reveals that the TOF resolution ͑full width at half maximum of the corresponding Gaussians͒ is constant t/⌬tϷ100 throughout the mass range shown in Fig.  6 . The corresponding mass resolution of the device is then given by m/⌬mϭt/(2⌬t)Ϸ50. This result is satisfying, considering the opposing requirements of trapping in a large volume and starting at the same time and position. For many applications, this mass resolution is sufficient; however, there are several improvements possible as will be discussed below.
The accessible mass range of the instrument is determined to a small extent by the TOF detection scheme, but predominantly by the trapping conditions. For rf traps there is a limit on the low mass side which can be calculated from the adiabaticity parameter, and on the high mass side, which is determined by the effective potential. The related formulas can be found in Ref. 11 . In the present experiment the RET is operated at a fixed rf voltage, having an amplitude V 0 ϭ220 V and a frequency ⍀/2ϭ6.7 MHz. For a singly charged ion the effective potential is given by V eff ϭ0.58 meV•u/me 14.7•r and the adiabaticity parameter is ϭ0.041 u/me 7.17•r , where r ϭr/r 0 is the normalized radius, r 0 the inner radius of a ring electrode, and m the mass. In these formulas the units meV and atomic mass, u, must be used. Allowing for a maximum kinetic energy of 0.1 eV, which is much higher than the most probable value expected for a 80 K thermal ensemble, a mass range of 3-700 u satisfies the safe operating conditions, 11 max Ͻ0.3 and r max Ͻ0.80. The range actually observed in TOF spectra was 12-250 u. On the low mass side there is no principle problem because He ϩ ions could also be stored safely; however, there are apparently some difficulties in storing large mass ions. This may be due to the absence of larger clusters in this particular case or it may be related to imperfections in trap geometry or potential distortions. More probable is that the energy gained during the compression phase is larger than 0.1 eV leading to an additional ion loss. In total, the instrument covers in the present version a mass range of about two orders of magnitude which is quite sufficient for studying the growth of (CO) n ϩ clusters, nϭ1 -9, as demonstrated below. If one wants to shift the mass range to lower or larger masses, higher or lower driving frequencies for the trap have to be used, respectively.
Another essential criterion for the new instrument is the dynamical range, i.e., the range where the detected signal is strictly proportional to the number of trapped ions. In order to find the limit where saturation effects show up, the signal has been recorded as a function of the number of ions. Figure  7 shows the result of such a measurement. Note that in this figure the signal has been converted into ion counts as described above, and the ion number has been varied by increasing the ionization time. Up to 20 ms the signal increases linearly as expected; however, it starts to level off at a few hundred ions per trap filling and the saturation limit is one thousand ions. It is known from this trap that, under the present operating conditions, it can hold up to 10 6 ions/cm 3 . Also, saturation of the MCP detector and/or the data conversion procedure has been excluded as a reason. Instead, there are several indications that the compression of the trapping volume ͑about 2 cm 3 ͒ by a factor of about 100 leads to space charge loss, limiting the maximum number of ions. The influence of phase space compression and ways to reduce saturation will be discussed in more detail below. On the low intensity side the dynamical range is limited by time width of the mass peak and the noise of the detector, which is typically 1-2 counts/s.
The performance of the present setup is significantly influenced by the fact that the trap is operated at comparably high gas number densities, whereas collision free conditions should prevail in the mass analyzer and detection system. Sufficiently high buffer gas densities for collisional cooling are needed for the phase space compression of the ion cloud for TOF analysis. Especially high densities are required if one wants to study cluster growth via ternary collisions as in the present illustration. In order to reach high number densities in the storage region, the reactant gas is leaked into the trap as indicated in Fig. 1 while pumping the trap is only supplied via the openings formed by the entrance and exit electrode. The resulting pressure profile is displayed in the lower panel of Fig. 4 . Inside the trap, the density on axis was measured by a spinning rotor gauge, two points represented by solid circles were measured by ionization gauges. The solid line presents the interpolation of the values on the apparatus axis. Differential pumping is used to separate the trap vacuum chamber from the chamber housing of the TOF detector. In order to allow for enough collisions during ion compression and to limit the number of collisions in the TOF region to a negligible amount, the gas density in the trap must be kept between 5ϫ10 11 and 5ϫ10 12 cm Ϫ3 during the extraction procedure. After leaving the trap the ions are so energetic that collisions lead to their dissociation. In the present setup, changes in the TOF spectra due to collision induced dissociation ͑CID͒ become observable for densities inside the trap above 3ϫ10 13 cm Ϫ3 . Most critical for the performance of the instrument presented is the time dependent potential superimposed to the rf trapping field via the external compression electrodes which influences the shape of the cold ion cloud. The spatial distribution of the ions which is finally present at the moment of extraction, is imaged in time and space via the acceleration optics and steering electrodes of the TOF device to the detector. The form of the starting potential is therefore most important not only for the mass resolution of the device but also for the transmission of ions to the detector. The aim of the pulse sequence is to prepare temporal as well as spatial focusing conditions for interfacing with the TOF-MS. The principle of operation which is illustrated in Figs. 2 and 3 has been explained above. However, for a full understanding of the influence of the correction electrodes, the potential distribution perpendicular to the axis also has to be considered. Due to the fact that these electrodes are located only on two sides, see Fig. 2 , one obtains a quadrupolar field in the radial plane. Applying a positive potential on the entrance side and leaving the exit side at the trap potential makes this field weak. The resulting small potential is drawn schematically at the lower part of Fig. 2͑b͒ . Here the positive equipotential lines belong to the compression potential of the correction electrode as indicated in the upper part of this figure while, seen from the center of the trap, the ions are attracted to the two sides, marked with a minus sign, where the mounting block of the ring electrodes are. As a result, the ions are not only pushed towards the exit during the compression phase, but they are also pulled into the rf walls. Here they experience a stronger field gradient, i.e., the stability parameter becomes exponentially larger ͑see formula above͒. This may cause some loss of ions. In order to avoid this the adiabaticity condition, Ͻ0.3, also has to be fulfilled during the compression phase. A transverse potential gradient can be easily avoided by using rotationally symmetric electrode arrangements. A more thorough discussion of an improved setup will be given in the concluding paragraph. Next, the use of the present instrument is demonstrated for a study of cluster growth.
IV. CLUSTER FORMATION
For illustrating the features of the newly developed RET-TOF-MS apparatus it has been used for studying the growth of (CO) n ϩ clusters. The dynamics of formation of molecular clusters is an interesting field of ion chemistry because the binding energies are several hundred meV for adding the first molecules to the ion and reach the heat of evaporation of the liquid, typically only a few meV, for larger clusters. This change of bonding can be found in many systems and has been studied in detail during the last 25 years. 27 In the present example CO ϩ primary ions have been formed by pulsed electron bombardment of the reactant gas CO, directly during the first few milliseconds in the liquid nitrogen temperature cooled trap. After different storage times varying from 50 ms up to 9.55 s in steps of 0.5 s, TOF spectra have been taken. The number of ions, extracted from these spectra as described above and corrected for discrimination, are plotted as a function of storage time in Fig. 8 . It is obvious that the mass composition undergoes a fast temporal change by the growth of clusters. For reaching clusters up to nϭ4, a number density of neutrals, ͓CO͔ϭ1.2ϫ10
13 cm Ϫ3 , has been chosen. This value is slightly higher than the optimum for the TOF analysis discussed above. From the semilogarithmic presentation it can be seen that the primary CO ϩ ions disappear exponentially by forming (CO) 2 ϩ ions via the ternary association reaction
for nϭ1. Due to discrimination of low mass ions, the signal of CO ϩ ions is hard to detect at storage times larger than 4 s. As soon as a significant amount of (CO) 2 ϩ is formed (t ϳ1 s), the next step of association, nϭ2, is observed. At about 4 s a stationary state for dimers is reached; the rates of formation and loss due to further growth are equal. Similarly the production of (CO) 4 ϩ starts significantly when enough (CO) 3 ϩ ions are formed (tϳ4 s). From the rates of changes of the particular clusters, rate coefficients for the growth processes given by Eq. ͑1͒ have been determined. The solid lines in Fig. 8 are solutions of a set of master equations accounting for ternary association and, in part, for dissociation. The resulting values for ternary rate coefficients are 2.2ϫ10 Ϫ27 , 8ϫ10
Ϫ28
, and 6ϫ10 Ϫ28 cm 6 s Ϫ1 for the first three steps represented by Eq. ͑1͒. Although not being the subject of this article, they are in good accord with measurements performed in the 22PT with a conventional QMS as an analyzer. 28 Analyzing the sum of all ions at each storage time, a strong discrimination of small mass ions and a moderate discrimination of higher mass ions has been found. As discussed above, this discrimination is predominantly due to the compression and extraction process and partly due to the fact that the experiment has been performed at too high number densities; however, in this test the major aim was to illustrate that the simultaneous monitoring of all ions allows one to quantify such loss processes, because the rate of change of a parent ion, e.g., CO
ϩ is related to the rate of change of the daughter ion, (CO) 2 ϩ in this case. For example, (CO) 5 ϩ is discriminated by a factor of 4 relative to (CO) 2 ϩ . Using a higher rf frequency would reduce this problem. Another difficulty in the present trapping experiment is that other ions such as C ϩ , COH ϩ , O 2 ϩ , and CO 2 ϩ also play a role. They are not included in Fig. 8 , but they all appear in the TOF mass spectrum and can be taken into account for completely describing the kinetics.
For testing the high mass limit of the trap, it is necessary to initially store larger clusters and follow their temporal evolution. In previous studies on hydrogen cluster ions 13, 14 it has been demonstrated to be difficult to inject ionic clusters from an external source into rf traps because they are so fragile that they easily fragment before being thermalized. An alternative approach used in the present work is to produce large clusters directly in the trap using a target density way above the limit for CID discussed above, however, only during a short time. In the present configuration ͑pumping speed, geometry͒ CO number densities of several 10 15 cm
Ϫ3
have been reached in the RET during the pulse with a decay time constant of tens of ms. 29 Since cluster production is a ternary process, the growth rate is greatly enhanced during the high density pulse.
In detail, the experiment has been performed as follows. First He ϩ primary ions have been produced by ionizing a stationary helium background gas (ϳ2ϫ10 12 cm Ϫ3 ) with a 10 ms electron pulse. Then the trap was filled with CO, using ten pulses from a piezo valve oscillating at a repetition rate of 2 kHz. The electron pulse and the intense gas pulse were well separated in order to avoid arcing or discharges. The initial CO ϩ ions grow very rapidly up to (CO) 9 ϩ as can be seen from Fig. 9͑a͒ . This mass spectrum has been acquired 1.5 s after the gas pulse. Due to the presence of some residual gas, e.g., O 2 , other products of the general form C x O y ϩ are produced as well due to association reactions during the gas pulse or via other chemical reactions.
The temporal evolution of clusters with nϾ4 is shown in Fig. 9͑b͒ . Due to the high density pulse, extraction without discrimination is not possible at times indicated by the hatched area. After 1 s, when the density outside the trap drops below ϳ5ϫ10 10 cm Ϫ3 , the sum of detected ions becomes constant. During the first second, there is an obvious growth of the number of clusters; however, ion loss during compression and extraction and also CID, apparent in TOF spectra, leads to detected ion numbers which are not at all representative of the actual growth processes occurring inside the trap. After this first time, however, the cluster size distribution is in good accord with an estimate based on the abovementioned ternary rate coefficients and a reasonable temporal and spatial density profile.
A detailed discussion of the interesting kinetics observed during these experimental tests will be published elsewhere; 30 here only a few obvious facts are briefly mentioned. In the mass spectrum given in Fig. 9͑a͒ , no (CO) 8 ϩ clusters are detected. One plausible explanation is that the transition from nϭ8 to 9 is much faster than from 7 to 8. This is indicative for (CO) 7 ϩ being an especially stable configuration. A related observation is the slow decay of (CO) 7 ϩ seen in Fig. 9͑b͒ . With the limited statistics of this measurement and with the absence of (CO) 8 ϩ , no clear correlation to another cluster channel can be found. Clear correlations, however, are seen between the decrease of O 2 ϩ ͑CO) 3 4 show a significant increase, although in these cases no decreasing counterpart has been identified. Some of the observations may be induced by intracluster isomerization known from the literature. 31 The existence of clusters such as CO 2 ϩ ͑CO) n or O 2 ϩ ͑CO) n in addition to CO ϩ ͑CO) n has been found before. 32 Maybe the present observations give hints to intracluster chemical reactions. However, it is also clear that better vacuum conditions are needed for a more detailed analysis. Corresponding work is in progress.
V. NEXT IMPROVEMENTS
In the present work, a RET trap has been combined with a TOF mass spectrometer for following the changes of ion composition simultaneously for a wide range of masses. In order to match spatial distribution of the trapped ions which extends in multipole or ring electrode traps usually over several cm 3 to the TOF-MS device, the ions were compressed by a special sequence of time dependent voltages applied to various electrodes. In addition, inelastic collisions were used for reducing the phase space. In the present setup, a mass resolution of 50 has been obtained. Using a reflectron instead of the linear flight path this value certainly can be improved. Other improvements of the instrument are also obvious. For example, the gas densities used during the reaction period and the buffer gas density needed for the compression phase must be controlled independently. This can be achieved by installing additional pulsed gas inlets or using molecular beams. Also ms-fast shutters should be installed, both for FIG. 9 . Growth of larger clusters. ͑a͒ Averaged TOF spectrum at 1.5 s after the gas pulse. Primary ions are converted to larger clusters (CO) n ϩ , n ϭ4 -9 and to other products of the form C x O y ϩ . ͑b͒ Ion counts extracted from the TOF spectra at nine times between 0.22 and 1.82 s. Extracting ions from the trap during the high density period of the CO pulse ͑hatched area͒ leads to false ion numbers due to ion loss. After about 1 s the gas density is low enough that the temporal evolution of larger CO cluster ions ͑upper panel͒ and for the C x O y ϩ ions ͑lower panel͒ can be followed quantitatively.
closing the trap on the two ends and for separating the trapping region from the vacuum chamber containing the analytical instruments.
There are also more suitable electrode arrangements for compression of the ion cloud; for sure one has to avoid any transverse acceleration. Also the geometry of the region where the ions are prepared for the start into the TOF path can be probably improved; a rf quadrupole-type field distribution is certainly better than the electrodes used in this first test. However, there are some fundamental questions which should be discussed if one intends to design a new instrument from scratch for combining low field ion traps and a TOF device. In principle one has to find the best solution for transforming the initial phase space volume, which is extremely small for low temperature multipole or ring electrode traps, to the acceptance of a suitable TOF detector.
In a vastly different approach one should try to avoid ion compression, especially because of space charge effects. Therefore it may be better, instead of trying to assemble a larger number of ions in a small region, to extract them from the whole storage volume by using suitable starting conditions. This may be achieved in a special ring electrode trap where each ring can be supplied with an individual dc potential. In the case of the 22PT used in our laboratory, the set of five mounted correction ring electrodes can be used to superimpose a radially symmetric acceleration field in axial direction. This in combination with a large position and time sensitive detector may lead to a much better performance. In summary, however, it should be emphasized that the solution presented in this article is already well suited to study processes where high sensitivity and a wide mass range are required. One related project going on in our laboratory is the growth of carbon clusters, an experiment where stored C n ϩ ions collect C atoms from a low density carbon beam. Other interesting experiments which can make use of the space focusing properties of the present setup are possible, e.g., IR laser fragmentation of mass selected large cluster ions in a reflectron arrangement.
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